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ABSTRACT 
«)ሕ)ጉ፡)፡፡‹መ፡፡-  - -.ሮ5-- .--==ፎ5---. ERI ο 


ል MICROWAVE, FIRECTION WOTULATED, EYPERPOLIC 
NAVIGATIONAL ۷ 


Robert C. Krulish 


Carl S. Mathews 


Submitted to the Department of Naval Architecture and 
Merine Engineering on 2) May 195), in partial fulfillment of 
tho requirements for the degree of Navai Engineer. 


The object of this thesis is to delineate a navigational 
system capable of preseribing an arbitrary locus, such as a 
winding harbor channel, with &u &gcuracy which will allow a 
navigator to negotiate such a channel safely in periods of 
darkness, fog, or low visibility; and to evaluate wefulness of 
system devised in solution of the navigational problem. 





The time difference in recelpt of signals simultaneously 
trenamitted from two precisely located stations Getermines a 
hyperbolic line of position. If a delay is introduced between 
trensmitted sigmals, the time difference for a certain line of 
position can be mude arbitrary. If the radiation pattern of 
ene station is made highly directional, the time aifference may 
be made arbitrary on a small segment of a hyperbolic line of 
position. If the beam entenns is rotsted, anc a continuous 
variable delay is introduced which is a function of angle and 
an arbitrary line, the time cifference in receint of signals 
can be made to define the arbitrary line. This is a Kicrowave, 
Direction-Modulated, Hyperbolic Navigational System. 


Procedures are ceveloped for determination of system design 
parameters for application to any specific harbor, anc Tor esti- 
mation of system error in this application. 


Theae procedures are used, for cetermination of details 
for ?oston Harbor, and are evaluated experimentally. 


Results show that, in Bosten Harber, the system will allow 
& ship to atay within approximetely 15C feet of the center of 
the safe navigable channel. 


There were no peculiarities cf Boston Harbor apparent which 
would indicate that accuracy of the same orcer could not be ex- 
peeted for numerous other applications. 


Thesis Supervisor: Karl Y. Keller, S.M. 
Assistant Professor of Electrical Engineering 
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_Camoridge, Massachusetts 
May 24, 195% 


Dear Sir: 
in accordance with the requirements for the 
degree of Naval Engineer, we submit herewith a thesis 
entitled, "A Microwave, Direction-Modulated, Hyper- 
bolic Navigational System." 
Respectfully, 
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INTRODUCTION AMD SUMMARY 


4 rication and Horning Dey 


The proolem of navigation has invited the interest of many and the 
life work of some in its development from a mystical art to the exact 
science we know today. One of the most important proolems of navigation 
is position finding. If the navigator is in familiar territory, land- 
marks or other physical objects might give him a key to his position. 
Celestical navigation methods extend the scope of “familiar territory" 
practically to the entire surface of the earth. However, weather condi- 
tions or poor visibility sometimes make use of these natural aids impos- 
sible. artificial devices of various kinds——~lights, fog horns, bells, 
buoys---were used ag navigational aids early in maritime history. These 
devices are, however, limited in effectiveness by the same factors which 
limit use of natural aids, 

Witt the advent of radio came a new era in the fields of navigation. 
Beginning early in this century, radio became the tool for rapid develop- 
rent of new aids to navigation which were less dependent on weather and 
visiollity for accurate, dependable service, 

World War II gave tremendous impetus to the development of entire 
new systems of navigation which emabled ships anc aircraft to determine 
their position accurately on trips of thousands of miles without seeing 
a single star or landmark, The configurations or patterns of lines of 
position given by these systems (reduced to simpler terms of plane rather 


than spherical geometry) have taken three basic forms: 
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(1) Straight lines, 

(2) Circles, ami 

(3) Hyperbolas. 
Aircraft beacons, shoran, and loran respectively furnish thəse three 
types of pattern.” Position finding by use of these methods resolves 
into the determination of two er more lines of possible positicn.. The 
intersection of these lines of position determines the actaal position of 
the craft. If a line of position obtainable from ome of thess systems 
happens to pass threugh or near the navigator's destination, the problen 
of nagivation resolves into staying on the line of position throagh the 
dastination, anc obtaining occasional crosa checks of position along that. 
line. This process is called homing. Present systems can be used suc- 
cessfully for homing, provided the course to be followad is a straight 
lins, a cirele, or a hyperbola. Ships and aireraft can home on one or 
more of these systems to a harbor entrance or to the vecinity of an aír- 
strip. Here a local system 1s required to give the mvigator or pilot 
information which would allow him to negotiate a restricted harbor chamel 
inte pert, or maintain a proper glide path to a landing. The system 
problem for siroraft has been solved satisfactorily by several mans and 


2 


will not be discussed here.” The surface problem is more complicated, 


and, to date, has received little attention, 





Define the surface system problem as follows: 


I, Coverage from outer harbor (or termims of other homing 
system) to inner harbor. 
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* All superscripts refer to references listed in the appendix, 
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Il. Rapid, accurate, and contimious indicebion of deviation 
from safs navigable waters. 

111, Satisfactory operation at night, in fog, md in periods 
of low visibility. 

In addition to these requirements, it would be desirable to juve 
the following system characteristics: 

l. Simple, low-cost receiving and indicating equipment, 

2. Finin accuracy dependence on receiving and indicating 
equipment. 

2» Finimim interference with present radio nevigational 
systems, Commerolal and military commnications systens, 
and present electronic installations. 

4, Simple, reliable, stable tranemitting and control elements. 

5. Provisions for wartime security and adaptability to mili- 
tary problems. 

Consider more closely the three major recuirements. Requirement 1 
lintts the range of operation or coverage of area to a radius of five to 
twenty miles. A radio device of moderate power could give satisfactory 
perfcrmance at all, frequencies up to 10,000 MZ. Requirement IIJ could 
also be met by a similar cavice, Requirement II, therefore, specifies 
the major portion of the solutien which is not readily apparent. 

The "safe navigable waters" of a harbor channel are not, unfortunately, ` 
a Single straight line, circle, or hyperbole over a large portion of the 
chamel length. The system, therefore, mast establish lines of position 
which are arbitrary, and which follow the line of the channel in any har- 
bor whore the system is installed. The accuracy of transverse position 


in the channel should be such that the ngvigator can readily cetermine the 
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safety of his position. 

several types of systems might be devised to give a satisfactory 
solution to the problem, aA straight-line system using one beacon for each 
straight-line segment of a channel could possibly be used, but the number 
of beacons required would be large. Circular or hypervolic systems such 
es Shoran or Loran could be modified to give position determination to 
required accuracy, but these systems would require sxtremely complex  com- 
puting devices in the receiver to enable following an arbitrary line. 

Present hyperbolic navigational systems, such as Gee, and Loran 
transmit accurately synchronized pulses from two stations separated geo- 
graphically by a specified distance, A receiver at & point in the coverages 
area receives one signal before the other. The time difference in re- 
ceipt of the two signals determines a hyperbolic line of position. This 
type of system seems to be most readily adaptable to requirements of the 
problem, These systems use omidirectional antennas, and cover the entire 
service area with each transmission. 

If the radiation pattern of one of the stations were to be changed 
to a narrow beam, the coverace area would be restricted to the sector of 
the beam, and the pattern of lines of position would be segments of the 
normal hyperbolic pattern. Furthermore, if a time delay is introduced in 
tke transmission of pulses from the beam antenna, the modified time cif- 
ference in receipt on a segment would be the sum of the normal time 
difference anc the introduced delay. Thus, any segment may be made the 
zero time difference segment by introducing the proper delay. A courses 
line passing through the narrow beam will intersect a hyperbolic segment. 
By introducing proper delay, the intersection could be made a point of 


sero time delay. 
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The beam antenna could be rotated, a small ament, The coverage 
area would then be another sector, on + different bearing frome the first 
sector. Here, also, a delay could be introduced to make a point on 
course line a point of sere time differenoc. If, now, the beam antenua 
is rotated continuously, and the proper deley ie introduce: of sach bearing, 
the course line becomes the zero time differonoe line. 

In further discussion of the system, the zero time difference Lins 
will be made to follow a specified track. The transmitter with an omni- 
directional or very broad radiation pattern will 56 called the "Fixed" 
station. The other transmitter with a very narrow beam antenna and rotating 
at constant Will be called the "Rotating" station. 

The signals to control the two transmitters will originate in a 
"Timer" located at the Rotating station. The timing signal for the 
Rotating station will be delayed by a function of the antenna rotation, 
such that the signals from the Fixed and Rotating stations will. arrive 
simaltaneously at the intersection of the rotating antenm beam md track 
line, Tims at any point on the track line the time difference reading 
will be zero. 

The system described differs from the normal hyperbolic system in 
two besic ways: 

(1) The radiation pattern from one of the stations mat 
ve highly directional, and 
(2) A variable delay which is & funetion of bsaring and 
course position is introduced between pulses trans- 
mitted from the two stations. 
Sinee high directivity is required, a microwave system would be most 
practicable. The resultant system is a "Microwave, Direction-tiodulated, 
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Hyperbolic Navigational System." Such a system is capable of generating 
arbitrary loci of constant time difference, and wicht be used to obtain 


the solution to the problem stated. For system components see Fig. 1.2. 


l2 Procedare 


The derivation of governing equations was the first step in the 
development of the system. Before proceeding further it was necessary 
to derive equations defining system parameters, and to determine by 
analysis of these eqiations, what factors would control the accuracy of 
the system. 

To transfer from the realm of theory to the realm of reality, it was 
necessary to obtain an idea of orders of magnitude of system parameters 
for a particular case. For this investigation, Boston Harbor was chosen. 
Tracklines were laid out on the chart from the sea-buoy to Charlestown 
Wavy Yard. Sites were chosen for the transmitting stations on the basis 
of system criteria and topography (see Fig. 1.1). With the equations 
derived, and with information obtained from application to Boston Harbor, 
specifications for critical components were determined. 

Experimental work was conducted to determine the practicability of 
equipment specifications. The work was carried out in two phases: 

(1) Test of critical components without RF link. 
(2) Test of critical components with RF link. 

The first phase of the test was conducted to determine timer accuracy, 
and to explore the most practicable methods of indication. Significant 
additional information was gained from these teats concerning the effect 
on accuracy of spread in time difference due to beamwidth of the rotating 


antenm, and the effect of intermittent signals from the Rotating station 
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(occuring once every revolution oZ the antenna). The provable readable 
time difference accuracy as determined by these experiments shows the 
distance accuracy of the system by application of derived equations. 
The second phase of the tests was conducted to confirm results of 
the first phase. Jquations had been derived relating accuracy at any 
point in the coverage area to accuracy along the base line. Therefore, 


a test along the baseline was a test of the entire systen. 





The probable system error expressed in time difference was found 
to be 0.1 us. This time difference is equivalent in distance to apprexi- 
mately Y 50 feet on the base line or to a maximum of Y 150 feet anywhere 
in the coverage area. This type of channel definition is more than satis. 
factory for Boston Harber, and should be obtainable for many other harbors. 
Therefore, we ray conclude that the systems of this type would contribute 
materially to the solution of a navigator's problem of negotiating harbor 
ehannels especially ín periods of darkness and low visibility. 
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LLTZALIXNATION OF FUND&MeTAL GjQHzTRIC RELAiIUES 


The values required for the introduced delay can be ovteined graphi- 
cally from the normal hyperbolic pattern. In Figure 2.1, tale a point on 
the trackline and read from the normal hyperbolic pattern the tim delay 
which would be received at this point, When the antenna is Cirected at 
this point a concelling delay rust be introduced in the timer. A methe- 
matical expression for the delay will, however, 36 wore convenient and 


lend itself more readily to interpretation and evaluation. 





The equations are derived in terms of polar co-ordinates about the 
Rotating Station, and on the assumption that within the region of opera- 
tion the earths surface can be congidered as a plane. Figure 2.2 


illustrates and defines the necessary terms. 


1 =L¥ 1 ~ 2a cose + a2 (3) 


Let there be a timer located at R, which at time t will send a trigger 
to the transmitter at F. The timer will trigger the transmitter at ሺ at 
time (t + d), where d is defined as the introduced delay. 

Thus one sicnal will start from R at time t, and travel from R to 


F to p. This signal will arrive at p at time t, where 


νυν ΡΝ (2) 


ፎ 
and e is the velocity of light. 


The other signal will start from R at time (t 4 d) &nd travel directly 
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to p; arriving at tine 


t,=t+d+ab. (3) 
ር 


The time difference reading (T) will be ti-t5. 


T=L(l -a + ۷ - 2» 6 + a2)— d, (4) 


for any pont (ayê). 
If it is desired to have T = Q for a point (2,0) on the trackline 


then, 








ins fan 6986 + aĉ), (5) 
ο 


2.2 OCegnetrical Accuracy 


To determine the chance in T for a small movement off the trackline 
along a radius from R, take the partial derivative of Equation 4 with 


respect to s. Note that d is a constant determined by Equation 5. 


62 -. ጺ= መ. ፦-ጊ. 
δα ο —rVV. — 


Aim - 24 cos8 + al (6) 


Rearranging and noting that BT/Löa = ST/ar, since r = al, 


© a BS. = a = co a 1. (7) 





ሃ l + 2a cos@ + a? 
This defines the radial sensitivity (R,8.), a nondimensional term. 


A dimensional term, Radial Divergence (R.D.) may be useful. 


R.D. 3 ο (ft. pdr us.) (5) 


Figure 2.3 shows the locus for several values of Radial Sensitivity. 
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TRACK ANGLE (9) ls 
ACUTE ANGLE BETWEEN 
TRACKLINE AND RADIUS. 


2.4 ع ۵ دع۱ ۴ 


ErFPECT oF TRAcn ANELE ON PD. 








The details of determination are i~ the ippendXk. Tt can be Eh, Li 
or. the baseline the Radial Divergence will be WE ft./us.; am! (ae, with. 
in a circle drawn with the buselire as a diumeter (hereafter called the 
Baseline Circle), the maximum value will be 384 ft. /us. 

The Radial Divergence gives the best incication of the expected 
geometrical accuracy for an arbitrary tracklime. If the treckline is 
specified, a more si,nificant figure is the distance normal to the track- 
line per microsecond of delay. This ís expressed as the Pattern Diver- 


gence (P.D.). For an angle ¢ between radius and trackline, 
P.D, e R.D. sing (£t./us.) (9) 


Figure 2.4 shows how this was obtained fros Lgistiíon 8. 

The Radial Divergence remains i-portant in that it expresses the 
maximus value of Pattern Divergence independent of track angle. 

It can be concluded that within the baseline circle the errer, in 


distanes normal to the trackline, will be less than 1,000 ft./us. error 


in tine difference reading. 





it has deen pointed out that the introduced delay will vary con- 
timously with antenna rotation, and thet the time delay received will 
vary over a range equal to the variation in d per beamwidth. The effect 
of tris variation will depend on whether or not it is linear, and whether 
the indicator reads the average, the mean, or the extreme. The maximum 
effect would be to introduce an error equal to the variation in d for 
half a beamwidth. Let the error due to variation in d Se 64» 

ΑΠ equation is developed in the Appendix for e¿ or the basis of 


linear variation of d with 6, and assuming the error to equal half the 
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variation of d per beamwidth. 


dE dle) Baw. 
dé 2 (10) 


eg = bj _ sim + co 0 
-ሙ ሙ፦ -ሙ፦ 2 


— — 





ር —aac us — — 
h - 2ል ር086 ተል“ di - 2& cos8 *a^ (11) 


The range of variation in the delay for the complete pattern will 
effect the percentage accuracy required in the timer for a specified 
maximum error. Let this error 5e e,. 

The indicator will introduce an error which should be independent 
of system geometric parameters, Let this error be ej. 

The error in reading time difference will be the sum of these errors, 


and the error in distance off the trackline will be E, where 
K = (ea + er + e4) P.D, (ft.) (12) 


In general, the range of variation of delay should be indicative of 
variations per beamwidth. To the extent that this is so, both eg and e, 


Will be dependent on the range of variation of delay. 





The system equations should furnish some information to serve as a 
guide in choosing sites for the transmitting stations. 

AS the introduced delay is to be a function of B, it is apparent that 
the trackline mast not intersect any radius from ths Rotating Station 
more than once. 

Figure 2.3 shows how the transmitting stations should be located, 


with reference to the service area, for high valves of Radial Sensitivity. 
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It has been sliown that the values of ¢ can be obtained from the 
narmal hyperbolic pattern. It ean de seen from Figure 2,1 that an attempt 
to keep the Pattern Divergence srall by orienting the stations to give 
small track angles (as per Equation 9) would result in large variations 
in the introduced delay. The effect of this was discussod in connection 
with Equation 12. Although no positive connection between e4 and range 
of d has been made; it can be pointed out that P.D. is a function of sing 
and has a finite limit, while d(d)/d@ is a function of cot¢ and has no 
limit. It seems desirable to keep the variation in delay at a minimum. 

Topography will determine the extent to which theoretical remire- 
ments can be followed. 

The following general rules should lead to a satisfactory position- 
ing of stations: 

l. No radius from the Rotating station can intersect the 


trackline nore than onc 





2. include as mech of the trackline as possible within the 
vaseline circle. 
3. The mean track should correspond as closely az possible 


to the perpenciculsr bisector of the baseline. 
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CHAPIER 3 
APPLICATION OF THE PROPOSED NAVIGATIONAL SYSTEM 70 BOSTON MARIOR 


To give practical significance to the theoretical relations developed 
in the previous chapter, it is necessary to have spscific values for the 
important variables. Boston Harbor is by no means typical of all harbors 
or restricted waters; the values determined for Boston Harbor will, how- 


ever, be of a practical order of mgnitude. 





Safe navigable tracklines were laid out 





on a Boston Harbor chart from the start of the dredged channel to Charles- 
town Navy Yard. These are shown on Figure 1.1. 

The minimum width of the channel is 400 yards. For safe one way 
traffie it would seem desirable that the system give an indication of 
deviation from the track when the distance off is à maximus of 100 yards, 


For two way traffic the mximm allowable error would be 50 yards. 


ንጌ 2. Location of Stations. Sites for the transmitting stations were se- 
lected in accordance with the relations determined in the previous chapter, 


insofar as topography would permit. 
The Fixed Station as well as the Rotating Station was located to 
allo for lins-ol-sight transmission, later development shows this is 


not an absolute requirement for the Fixed Station. 


2.1.3 Beta for Boston Harbor. Table I gives the essential data for the 
Boston Harbor system, determined far five degree increments of @, Kere 


detailed data 4s given in Table III in the Appendix, 


Deg Lr Kelime mil ar maus lem Lmohommu et ai 


ብ 








LESEN UU S run 
nee — 
(መድ ስመ veli là {PURINE eru Wert πο 


a ate te no Lachey 4 le ae Ow 
LA < سا‎ ም "1 መመር መመ Ύδεν, 
በመ ” --- wm I — ۳۷ & aw 
pas سید‎ ad pS | 
— mh πο ώρα ο ον k 

Did E a es mul dl በመያ 

ar ane bg AR at demand u 1ህ .(6ከ5ህ ጨበዕፎቋ ረኛ 

πι. aly ê a LCR Sase kov ı1 tn 

A E TS | 
Mirto, OL A Llama ars a A gala Tr “<` | 


a vere E Su oS تاه‎ να 

Spa moreg μου” μμγηνην 

۰۸۳۳ DEA GUIAS ta coeant 
| 

ah Gd ene Ane ve „Me νυν σον 

DL uro DEJ al nn) Semi نان‎ μα AM 







መመ 















al? el de ¡ens e sd dla ALAS I 
“< 0% wer IÓ AI wo Ka. ee اف‎ Were scósob 


ag of 522 ών ۱ ۱۷۱۸4 Od ate δολ ۱ 


ፍይድ 


Ον 
Se 


SSSLSABEASISIZSLISAL 


δω ات‎ Sides. > Bosa ele, 
«222 23 «20 


4250 40.3 .19 ~ 7 1226 
96 ES μὲν .18 = Ə 830 1172 
«+30 52 on e 937 1050 
0500 n 25 - 
9230 41.0 37 -1.078 914 
0530 339 old) -l.156 851 
2222 οὔ 950 -l 213 911. 
9252 3259 وم‎ 1.275 771 
9 31.6 ο» Ὁ alo) 726 
ο 289 ~1 452 63 
. «9 ^3 - 9 HS 
«956 25,6 «37 «1,638 601 
0055 228 95 =3.« 75 255 
65 21.8 945 1,502 522 
9፡79 2659 19 «1.965 500 
QVO 19,90 93. 2.00 
of 19.1 j 1.975 458 
25 20.1 25 = 6027 239 
23,6 03? 1.738 506 
673 23.9 9 21,515 609 
o 5 25.7 «25 “16 658 
2255 27.2 1 “1 2371 716 
673 23,8 18 ~12 789 
9923 29.1 „en «1.120 979 
° 21,0 ode - 987 977 
° 32.3 : «33 = DO 1128 
* x3 = ሙ ወ 38 1220 
9 o ۰ + oT 
in. US. us. /dez. e] i 


18 


. 
o 
e 
i 
۱ i 
I E 
OT 
i i 





Note that the maximum value of the Pattern Divergence is 1,334 ft./ 
microsecond, This means that the error in reading time delay mst be 


limited to approximately 0.2 microseconds for one way traffic. 


ጋ ቁ opeciflcations foi 





2.2.1 Timer. The timer met be variable over the range from 18-48 miero- 
seconds. Simplicity in the timer is of secondary importance, 80 sccuracy 

should be specified to practically eliminate it as a source of error. One 
tenth of the desired overall accuracy, or 0.02 us., should be adequate. 

Long time instability requiring monit@éred operation will be acceptable. 


The beargricth from the Rotating station 





must be kept as small as possible. This requirement dictates that the 
frequency should be high in order to obtain a narrow beanwidth with an 
antenna of practical size. Use a frequency in the 3 cm. band as frequencies 
above this are effected to much by atmospheric conditions to be considered 
useable. Jearwidths of 0,1 degree can be obtained for microwave frequencies ” 
but considering that the antenna mist be خی‎ and perhaps at a fairly 
rapid rate, a specification of 0.5 degree beamwidth seems more practical. 
The antenna should be rotated as fast as is practical, considering 
the physical problem, and the transient response of the timer and control, 
which mist vary the delay with antenna rotation. 
The frequency for the Fixed transmitter should bse such that a steep 
leading edge can be maintained without requiring umreasonedble bandwidth 
in the receiver. It should also be at a frequency which will permit good 
rejection of signals in the 3 em, band. The antenna should be omi- 


directional or bread enough to cover the entire service area. 
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228 power required frem bein tramamitters will be dependant on ths 
cecaivers used; it should be hept in minh thet it is desirabia to have 
the receivers ue simple as possible. 

Palss wicths and pulse repetition rate will be dependent on the type 


of indicator used, 


22.3 fecoiver. The receiver mist have one chanasl, either wraad band 
or automatically tuned, to receive signals in the 3 cm.band, The other 
channel should be tuneable to the frequency of tho Fixed Station. 

Receiving antennas for bota channels should ba broadvand and omni- 
directional. 

Both channels should have sensitivity, end automatic gain control 
which will produce output signals of fairly constant amplitude fer signal 
strengths experienced anywhere in the service area, Bandwidths must be 


eufficlent to produce sharp leading edges on the output sigmls. 


The total allowable error has been specified as 0.2 us. 





The timer error has been specified as 0.02 us. The maximm yariation in 
delay per beam«wióth for Joeton "Harbor is 0.25 which ean introduse a 
maximum error of 0.13 us. Therefore the indicator error must bo less 
than 0,05 us. This accuracy mst be maintained when signals fram the 
Rotating Station are received once per revolution, and the spread in delay 
of signals received is 0.25 us. 
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CHAPTER 4 
۳0 ایهم یناه‎ I EIS 





The experimental procedure as outlined in Chapter 1 was divided into 
two pluses. Tha first phase was Test of Critical Components with the RF. 
Link. 


b X. Tegt of Critic 








The specifications as outlined in Chapter 3 
required accuracy for the variable time delsy in the order of 0.0] us. 
Although timers with this accuracy could bs easily constructed with normal 
comercial practice, such a timer was not available for use in these ex- 
periments. Therefore, a simple phantastron circuit was built with design 
adapted from the ranging circuit of the SU radar., The range of time 
delay in this circuit was from 30 us. to 56 us. or 36 us. The delay 
potentiometer was a ten-turn heliopot. The dial on tho hellopot was 
graduated in degrees. With ten-turns of 360 degrees each, the 35 us. 
variation in delay was divided into 3,600 parts. The resultant calibration 
was for 0.01 us. per degree of chaft rotation. ith this simple circuit, 


the specified timer accuracy was easily obtainable. To balance the 20 ns. 





miniman in the variable delay, a fixed delay wan constructed to facilitate 


further tests. 


This study was made to determine best indl- 





cator pattern. The set-up used is shown by Figure h.l. Both pulses are 
appllec to vertical deflection plates, a ndi the sweep is triggered fron 
the first pulse received. Various pulse widths for Fixed and Rotating 


stations were studied with various ratios of pulse amplitudes. The results 
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of these tests indicated that the Fixed station pulse length should ve 
slightly greater than the total variation in time delay expected within 
the coverage área. For Boston Harbor, this length should be about 4,0 us. 
The Rotating station pulse length should be about 2.0 us. In our pre- 
vious discussions, we have considered that T = 0. In order to facilitate 
matching, it is convenient to make T = constant = $ maximun variation of 
d, for all points in the coverage area. This is consistent with previous 
theory. With this type of presentation, the condition for matching wag 
the condition where the center of the pulses of the two stations coincided, 
This type of matching is difficult to acheéve because of difficulty in 
equalizing lengths of Fixed station pulse extending beyond the ends of the 
Rotating station pulse. Further, this type of matching is undesirable 
because pulse distortion at the transmitter and in the receiver is such 
that the sharp trailing edge of the signal ís lost. This distortion makes 
matehing of pulse centers difficult, Af not impossible, without the use 
of auxiliary pulse gsnerators in the receiver for each station. 

Another type of matching which would utilise only the leading edges 
of pulses could be described as follows: 

(1) The signal from the Fixed station is received and 
triggers the sweep on the indicator. 

(2) The Rotating station signal is applied to the vertical 
deflection plates of the indicator scope, and, in the 
matched condition, appears with its leading edge at 
the center of the sweep. 

(3) The sweep length for opsration in Boston Harbor should 
be about 4 us. 


Tests with this type of indicator showed that averege error in mtching 
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wang about one decree of shaft rotation on the timer. Tis corresponds 
toa timer-indicator aceurucy of — 0.01 us. This accuracy is slightly 
setter than that obtainadle with matehing of palse centro, ane ellut tes 
the need for one of the auxiliary pulse generators in the rewsiver, in 
order to obtain the proper video presentation 1t is necessary to have in 
the reesiver either an extremely linear sweep with graduations on the 


scope face, or a crystal oscillator to provide marks on the sweep. 


δω} sffect of Spread. The causes of spread in time difference have 
been disousssÓ in detail in eerlisr sections. In order to simulate this 
spread in static tests, a simisoldal voltage wes impresseld on the timer 
eo that the resultant time delay varied about the time delay set by 
potertionster shaft, .atening of time difference wag apain accomplished 
as detailed above, Results of this test, (tabulated below) showed that 
(es et) increased with increase in spread. 

Coutimious Signals without RF. Links 


Spread rar 
=ዑ- 0.7° 06,007 us. 
0,5 ۰ 0,8" 0,908 us. 
1,0 us. LJ" 0.013 us. 


The preelee functional relationship between spread and error cannot 
be formulated with this limited data. However, the order of magnitude 
ta significant. 


እ ጨፎ In order to simulate intermittent receipt 


of signals Crow the rotating station, 2 key waa placed in the trigger 





line of the Rotating station pulse generator. The key was clopsd at a 
rate corresponding to the rotation rate which might be expected in the 
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final system, xtreme rates studied were 12 and 240 signals per minute. 
¿rror with high repitition rates was about the same as errors with con- 
tinuous signals, and increased very slightly with rates as low as 60 per 
minute. Ag the rate was decreased beyund this point, error increased 
sharply. Results of test with varying Pulse Recurrence Rate from Rotating 


Station; sp. .d, constant, at 0.5 us; 


P ReRe Error 
Continaous 0.8% 0,008 us. 
180-240/min. 1.1? 0.011 us. 

60/min, 1.1 0.01 us. 
12/nin. 2.4° 0,025 us. 


It can be concluded that repition rate should be kept as high as possi- 


ble, but that rates as low as 60 per minute give acceptable results. 


4.2 Test af Critical Components with RF Link 


The second phass of the experimental work was conducted with an 
array oí equipment indicated by Figure 5.2, 

The equipment was set up for determination of the accuracy obtain 
able along the baseline. In previous work--derivation of equations-- we 
related the accuracy anywhere in the pattern to the accuracy on the bases- 
line. Therefore, a test along the baseline, would test ths accuracy 
obtainable anywhere in the coverage area of the system. In the first 
sequence of tests a constant time delay was set on the timer. The re- 
ceiver unit was moved back and forth along the baseline, until the time 
difference was zero. The receiver was then moved off of the zero time 
difference point and returned to the indicated zero time difference 


point. The distance between successive indicated zero time difference 
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points was à measure of the accuracy with which a specified time delay 
would determine a position along the base line. The second part of the 
RF test was to vary the introduced time delay, leaving the receiver in 
the same position. The time delay was manipulated until a zero time 
difference was indicated. This test was intended to give reciprocal ree 
sults to the first tests, The correlation of data obtained in these 

two tests would be a measure of the accuracy of reading obtairable along 
the baseline with the RF link. 

The first part of this test indicates that maximum distance errors 
obtained from receiver movement were of the same order of magnitude as 
errors introduced by other system components. cdesults of this test ars 
not significant in themselves. 

The second part of the test showed that the value of (9. ት 6, ) with 
contimous signals was approximately 0.03 us. probable with the RF. 
link. No spread was introduced, but instability of system components 
caused a spread of approximately 0.5 us. This instability woald not be 
expected in components designed for this use, but was fortuitous in this 
test. 


The essence of the experimental tests is evaluation of the quantity 
(e, r ez), with spread, intermittent signals, and the all essential 
system components. 

The probable error (e, t e.) through all system components but with 
continuous signals was 0.03 us. The effect of sampled data was Shown 
to be negligible in comparison to this valus for rotation rates of interest. 
The quantity e, was found to be negligible. The causes of e4 were dis- 
tributed throughout system components, and might be reduced in components 


designed for use in the system. 
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CHAPTER 5 
DISCUSSION OF RESULTS AND CONCLUSIONS 


The contributions which have been made toward the development of 
"A Microwave, Direction-Modulated Hyperbolic Navigational System" can be 
best presented by summarizing the results which will be generally appli- 
cable, illustrating the application of the general results to a particular 


situation, and then evaluating the resulting system. 





Criteria for selection of station sites have been set forth in 
Chapter 2. After the stations have been located, the values of required 
introduced delay can be determined by Equation 5. Equation 12 can be 
used to determine the system error in terms of the timer error (e,), the 
indicator error (e,), and the error due to the variation in introduced 
delay per beanwidth (ea). &qu&tion 8 can be used to obtain data for 
plotting the direction-modulated hyperbolic pattern. 

Geometrical relations in a particular application determine the 
variation in delay per degree of rotation of the Rotating station antenna. 
With the type of indicator selected (see Chapter 4), the operator deter- 
mines the mean of extreme values of time delay received. For a linear 
variation of d with 6 within a beamwidth, the mean value will equal the 
actual value at the center of the beam. Thus eg is introduced by non- 
linearity of d vrs. ©. The value of eg will be the difference between 
the mean value and the actual value. Values of eg can be determined {rom 
a plot of ἃ vrs. 6. (see Figure 5.1), Significant non-linearity can be 


expected where the trackline changes direction, and where the trackline 
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becomes tangent to the normal hyperbolic pattern. 


5 Determination af Timer and Indicator Irrars 


The quantity 6, is ths error in reading time delay through the com- 
plete system when e, and e, are zero. Iis value will depend on equipment 
components, the spread of signals caused by variation of d per degree, the 
sweeplength of the presentation, the rate of antenna rotation, and the 
beamwidth. 

The value of 6, mst be determined experimentally. It is convenient 
and almost necessary to include the timer in the test and determine 
ده)‎ + θε). An experiment similar to the test of R.F. link in Chapter 4 
could 5e used. 

Ihe spread in d to be introduced for the experimental test should be 
the maximum variation in d per beamwidth, as determined by a plot of d 
vrs, 9. The swesplength of the indicator should be such that for any 
position in the channel, the signal and entire spread of signals would 
appear on the trace, From inspection of the plot of the direction- 
modulated hyperbolic pattern, the maximum value of T within the channel 
can be determined. The maximum variation of d for half a beamwidth can 
be determined from a plot of Gd vrs. 8. The sweeplength should be twice 
the sum of these values. The antenna rotation can be simulated by 
gating the trigger to one transmitter at a rate equal to the rate of 
antenna rotation, and with a gate width equal to the time required for the 
&ntenna to turn through a beamwidth. 

A point by point analysis could be made for e, based on the actual 
Spread. Due to the rather indefinite dependence, it is considered better 


to take the value for the maximm spread and consider it as constant. 
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5,232 Practical Results 


The procedure outlined in the previous sections was developed as a 
result of all theoretical and experimental work done. Consequently it 
was not followed exactly in applying the system to Boston Herbor; the 
same essential information was, however, obtained, 

The location of stations and determination of geometric relations 
for Boston Harbor was discussed in Chapter 3. The maximum value of P.D. 
was 1,334 ft./us. 

To determine the maximum system error, Equation 12 need be evaluated 
only at the points where P.D. is maximum, and where 6, is significant in 
the summation of (e, +e4 + eg). 

By the experimental procedure discussed in Chapter 4, (e; + @y) was 
found to be + 0.03 us. For Boston Harbor eg became significant at only 
one point. It was 0.025 us. where P.D. was 497 ft./us. For this point 


Eis 27.4 ft. Therefore: 
Emax = (et + ej) PD eax 
Bmax = 0.03 x 1,29h- HO ft. 


ΜΝ Concly 


S. l Accuracy for Boston Harbor. For quick and easy determination of 
time delay, it is felt the probable error based on the figure of .03 us. 


for e, 4 54) is a bit optimistic, Reference to Figure A.6.2 shows that 
a time difference of 0.1 us. is readily apparent. Based on this more 
conservative figure: 
Emax = 0.1 X 1,334 = 133.4% ft. 
With this accuracy the system could be used to permit two-way traffic 


in a 400 yd. channel. Ships could stay at least 50 yards from the edge 


mure nem 6? 


À pa ο iov amok podbean 460 ni Da [ie WO e ed 

2 ze gros aga A [maga mos Γποιύπποῴί tis tc fives 
- | dieu በአብከርዉ CS RAV. aU guitUque MI tilaa tsili sua ee 
ዳጹ Iml ; - - e q 


Jama. À ase ako: በአፈለበፀ ዐ anes 













s... φαν e o PENE 2¢ O ω.ὦ 
I ee eke Ch eae us 


use «Ὁ ποτὶ abe DR tores di OAS Dado egit „Farin „Eu 00> > nt 





ac 


of the channel, and passing ships would be separated by at least 100 yards. 


5.4.2 axte n of Applica In considering extension of the appli- 


cation of this system, several points should be mentioned. 

Ihe error 64 can be ignored in determination of maximum system error 
on the basis that transmission could be stopped for the few narrow sectors 
where it would be of consequence. 

The beamwidth is not as critical as it originally appeared to be. Its 
effect on e4 his been discounted, and the figure of 0.03 us. for (eg + e3) 
was obtained with a spread of signals of about 0.5 us., which would be 
the maximum for Boston with a one degree beamwidth. 

The effects of both spread and sampled data were small compared to 
the increase in (ey j e4) with the introduction of the R.F. link. It 
therefore appears that the equipment waz the primary factor in determing 
the value of 0,03 us. for (€, + €3). Equipment specifically designed for 
use in this system could probably decrease this error. 

Ease of rapid determination of time delay (consideration of which 
dictated increasing the time error to 0.1 us.) will be almost directly 
proportional to sweeplength, 

For any installation where stations can be located to keep the ds- 
sired service area within the baseline circle; a 4 us. sweep would be 
sufficient, the maximum P.D. would be 96l ft./us., and system error could 
be limited to less than 100 ft. This would permit safe two-way traffic 


in a 400 yard channel. 


5 et,3 Suggested Improvements. Unfortunately the time delay reading will 
not be proportional to distance off the trackline throughout the service 


area, because of variations in P,D. The system could be modified to 
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indicate the two edges of the channel, and safety of position could be 
more readily determined, 

Another possible improvement would be to alter the signal from the 
Rotating station at several points in the rotation; this could provide 
indication of progress along the channel, 
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CHAPTER 6 


— 


RECOMMENDATIONS FOR FUTURE DEVELOPMENT 





In development of the system to this point, it has been assumed 
that the timex can be controlled by antenna rotation to provide the pro- 
per variation of d with 0. Since the timer error was found experimentally 
to be negligible, this assumption seems justified, However, design of a 
delay control mechanism is essential to the operation of an actual system, 
This design problem was not studied. One type of mechanism might be a 
cam on the antenna shaft with ordinates proportional to required delay 
at each angle. The cam folléwer would drive a linear time delay potentio- 
meter in a circuit similar to that of Figure A,3. Other mechanisms might 
be devised using electronic means only. The details of design far this 
compenent should be studies in future development. 

Experimental results indicate that, if a control mechanism can be 
developed, a pilot installation is warranted to test the system under 
actual operating conditions. 

The nature of the signals used in the system suggests the possibility 
of automatic presentation of position by a meter indicating "on channel", 
or Left" or "right" of channel. An extension of this type of presenta- 
tion is readily seen in application of the meter signal to an automatic 


steering device. 
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A.l Summary 07 Symbols ang Nquations 


&...............Nondimentional dùstanee F/L 

Baseline........Line between tranemitting stations 

CIRCLE . Circlo drawn with the bessline as a diameter‏ جنر مق 

8,8. ,.......... ንበይንየቷሮ2ቲከ 

6:.....»።.።.፡..፤10፪25/7 of light 

d,..............Introdueced delay 

................ysten probable error in feet 

@j-.,............Error between indiested time difference and actual time 
difference, in microseconds. 

@s.,........ ....Prebab5le error in reading indicated tine difference, 
in 48 

@t..............Probable tiner error in microseconds 

 ————< « ... Fixed station 

L.......... .. o ASO no length 

P.D. ......... Aber Divergence 

R...............Rothting station 

Yu... ..... .....Distance fron the Rotating station to a point 

R.D. ...........Radûal. Divergence 

RF, Link....... inclusion of transmitter and receiver 

ቺ,,.5፡፡፡፡፡፡፡፡94:/6. (217የ6ዮ69በ96 

Track angis.....Acute angle between trackline and radius from R 

8. ......... .. .Rierosecond(s) 

9...............àngle between the baselins and a radius from R toa 
point 

πμ ο angle 

δ........«.....-]αγτἱα] ἀστήνεζίψα 
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LÀ Loci of Radial Sensitivity 


Fipare 2,3 showing the loci of various values of Radial Sensitivity 
was based or the following manipulation of Equatien 7, which stated: 
R.S. s a - 9 - Ë 
h - 24 0050 y al 
Rearrange with (a - cos0) on the right side, and square both sides: 
(R.S.2 4 22.9, 41)(1 = 22 cos® a?) = 65 - 256086 | 66679 
(8,8.2 ፋ 28,5.,)87 = 25988(,6." 4 28,5.)5 ጊኔ (8.5. , 3)” - 60879 ሠ 0 





Vy-(R.5 2 L 2R.S.) 
a = cose እ. ሽም ری‎ 1... sing 
V-(8.5.)2 - 2R.8 


Let 8,5,1.3 
Ye (R.s.)2 .. 28,5, 


a = cos ተ K sind. 
Converting to rectangular co-ordimtes, 


2 K, then 
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This is a standard form of a cirele with center at GE » &nd 
ke 


radius of i. . Ths distance from the center to the origin will 


1 41 KX 
be + | 2 82 the circle passes ¿rough the origin. 


Translated back to polar co-ordinates, as defined originally in 
Figure 2.2, the loci will be a circle passing through doth etations, with 
center on the perpendicular bisector of the baseline a distance ብ. 
from the baseline. 

Note that for R.S. Z «l, K * 0 so the locus will be a circle with 
the baseline as a diameter. (This is substantiated by letting R.S. = «l 
in Equation 7. The result is a = 0080.) Contimous use of positive values 
of square roots may be corrected for with the following stipalations: 

l. For values of R,S. numerizally greater than one the locus 

Will be that part of the locus circle within the base- 
line circle. 

2. For values of R.5. numerícally less than one the locus 


Will be that part of the locus circle outside the base- 


line circle. 
TABLE II 
R S, E/2 
መሪ 00 
wl 05 —-. 250 
-1.0 ሠ 
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Δ. Perívation of sguaLion for. 94» 
Under certain conditions 54 is equal to one-nilf the variation in d 


per bearwidth, or 
©, = 4-31 BA, . (10) 
de 2 
Aqui tion 


e i-a PY» -2a cosó 1 a? , 
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is valid for points on the trackline, so a mist be a function of 6, 


Therefore! 
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From Figure A-l, it can be seen that 


da, = a coté 
d9 


Combining the above as per Eqations 10 and 1%, 
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FIGURE Α, | 


DETERMINATION OF da/de 
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10.55 6 
10. .736 
10,85 .736 
10.84 5 
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L 2 14.75 in (on chart) = 30,729 ft. 
10 


4 0 


a/deg 


e = 98h ft/us. 
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4.5. Details of Experiments 


This section wili include a deseription of equipment used in, and 
yaw data obtained, Frocedures followed to ostaln data, md enmaiysis 


of data to arrive al comclugtons ja in tow body of tks report. 





Lata, Ltems 1-5, were obtained tu deter timer-indicator accuracy 
under ideal conditons, to calibrats the variable time delay, and to da. 
termine best indicator pattern for presentation. Items 5-11 were ob- 
talned to determine effects of various facters on aceuracy. 


Data, items /,2 were obtained to find accureey of position deter- 





mination by the system, Items 3 wero obtained to determine overall 
errors of system with the A.7. Link. 
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DIAGRAM of EQu¡pMEnT USED FOR TEST 


Λο (wırwour RE LIWk) 


Rare Gen. avd SywemtoscoPE - T ExTEow , TYPE 3 ۵ 


p, 22 ۸ 
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Decay ¬ BuT ۶ PULSE GENERATORS‏ ۵ع بر 


Vaeage Decay - ۸ Erom Diaaram, Fio. A.3 








Fig. A.5.1 Fig. A.5.2 
FIGURE A.5 Types of Indicator patterns. 

Figure A.5.1 shows the type of pattern presented by 
superposition of pulses fromm the pulse gensgrators. The first 
pulse received triggers the sweep, and also appears on the sweep. 
Pulse lengths were 2 us. and 4 us. respectively. Conditions shown 


are for TO, = 0.1 us. , and T= 0.2 us. 


Figure Á.5.2 ébwws the pattern when the sveep is trig- 
gered by the first pulse, and the second pulse only appears on the 


sweep. Time delay conditions are the same as for Fig. A.5.1 
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FIGURE A.6 


COMPARISON OF INDICATOR PATTERNS WITH SPREAD 


In each picture above, the velue of T is shown at 
zero, O.l us., and O.2 us, In both types of presentation, it 
is readily apparent that a missmatch of 0.1 us. can be seen 
at a glance. With care this accuracy might be improved. These 
observations are highly significant, since they confirm the 
conclusions stated, that probable overall system error will be 


et us. 








Figure A.7.1 Figure A.7.2 


FIGURE A.7 
Effects of Pulse Length and Spreed 


Figure A.7.1 shows the picture obtained with a 
soread of 0.5 us., O.2 us., and O.l us. Figure A.7.2 shows 
the effect of pulse length on the Step-Type of indication. 
Here it is apparent that the pulse length of the Rotating 
Station signal should be as long as the maximum spread plus 
the maximum channel width in us. in order to avoid ambiguity 
in interpretation of the received sígnal.Pulse lengths of 


l us., 2 us., and $ us. are shown with a constant spread of 
0.5 us. 
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HILAMAXIOS Gy FIGUR A.6 


56998 #3......... Textron, Type 513D 

Seope #2....... ..TS = 34/AP (on 5 us, sweep) 

Pulse Gen. fl....Meas. Corp. Medel 798 

Pulse Gen. #2....Gen. Radio, Type 8694 

Pulse Gen. #3... Hewlett Packard, Model 212A 

Pulse Gen. #4....Wewlett Packard, Lodel 2124 

Amp. Pl..........Hewlett Packard, Model 4000 (60 gain) 

Amp. #2..........Hewlett Packard, Model 4000 (60d gain) 

Note $.......... Trigger taken to pins 3 & 6 ۵1 ۲0 in 88 Modulation 
Gen. Unit (with V-401 removed) 

Note $2..........Irigger taken to tersimal #16 on modulator unit of APQ 13. 

Note #3..........Voltage probe placed in 50 waveguide. Cable leads to 


connecter in coaxial feed 
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à - WITHOUT R.F. LINK 


Continuos signals, no sprwed, F.H .F. « 2,000 per sec. 





Constant delays were set on "fixed" deluy and Fatched by rotation of 
Variable Delay Potentiometer 


Pulses from Fixed and Rotating Pulse Gen. “ame Amplitude & Same Width 


Width and Height of 
Pulse Resulting from 
superposed pulse 


were maximised 


Height of resultant 
pulse maximized 


Pulse centers are 


Pulse centers 
superposed 


D 


140 
12 
141 


ጠው 
ww m g 


102 
102 
102 


102 02 


A B G 
137 143 144 
136 141 143 
138 143 142 

— = (336) 





0.54% = 0.0054 us. 


Pulse Widths Ratío = 13 amplituóe Ratio = 2 


Pulse width ratio = 2; smplitude Ratio = 1 


A B 0 
102 92 102 
102 100 101 
102 99 100 

ld — 40 


ጴ D 


137 137 
137 138 
137 137 


0.385? s 0.0384 us. 


0.54 = 0.0054 us. 


3» 
Test 


oettings 


Probable Brror 


2. 
Test 


Settings 


Probable Zrror 


3. 
Test 


Settings 


Probable ¿rror 


4, Pulse width Ratio = l.l; Amplitude Ratio = l 


A 8 
117.5 117 
118 115 
117 117 


0,3859 = 0,003584 us. 
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Test 


Settings 


Probable Error 
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5, Pulee width Ratio = 1.13 AmpliGade Gatio = 2 


Test ል B C o 
116.5 10 114.0 114.0 Pulse Centers 
Settings 116.0 113.5 115.0 114.0 superposed 


116,0 — 115,5 114.0 124.0 
۱ 20 114.9 14.0 


Probable Error 0.189 = 0.0028 us. 0.395? = C.00384 us 





Ine Followinz Lests were Coniicte JUL, = 5,000/898. 
6. Pulse width Ratio = 2; Amplitude Ratio = 1, Spread = 0.75 us. 
Test de B G 
20 26 25 Pulse centers 
Settings 23 23 30 “uperposed 
20 26 28 
26 20 28 
-£0 £2 Ll 
Probable Error 1.3 = 0.013 us. C - Intermittent Signals 2/see ar 


120/min. 


7. ‘Step Type Indication: No Spread; sontinuous Signals 


Test A B 
195 195 Step Centered on 
195 19$ Sweep 
194 196 
195 197 
396 396 


Probable Error 0.8” = 0,0068* 


8. Step Type Indication: Spread = 0,5 us.; Contimioms Signals 


Test ۸ B 
169 170 

Settings 176 171 
172 172 

172 170 

AR. 129 


Probable Error 0.3% = 0,008 us. 
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9, Step Type Indication: Sprwed = 1,0 as.; Continuous Signals 
Test A 8 

71.0 66.0 
Settings 73.0 67 .0 

68.0 67.0 

70.0 69.0 

£70 


Probable Error 1.3° = 0.013 us. 


10. Step Type Indication: Spreed = 1,2 us.; Continuous Signals 


Test A 3 
62.0 56,0 
Settings 50 57.0 
65.9 53.0 
66.0 53.0 
95.0 52.8 


Provable Error 1.3° = 0.013 us. 


11. Step Type Indication: Spread = 0.5 us.; Continuous Signals 


Test A 3 
240.0 238.0 Sweep Length B us. 
255.0 250.0 
260 242 .0 
255,0 238.0 


Provable Error 1.4% = 0,014 us. 
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CONSOLIDATED Kad DATA FOR TEST O. 28፲፻፲5ሒጨ, ሀ0፪፳ 5 
— S Aachen BE. — 





l. Receiver 52 feet from 10 om. and Ob feet free 3 em. 


Test A 3 

Shaft 105.0 105.0 baten obtained by 
100,0 107.0 manipulation of 

Settings 97 0 105.0 rotentionster 
105.0 101.0 

Degrees 40240 103.0 


Provable Error 2.03? = 0,0203 us. * 10.0 feet 


2. Time delay set on timer, receiver repeatedly moved for match 


Test A B 
Distance, 23.0 49.0 
12,0 32.0 
Feet fron 18.5 27.0 
14.5 53.0 
10 om, . μά. ۲ 
Probable Error 8.71 feet = 0.014 us. 


3. Receiver Stationary, Potentiometer Shaft Manipulated for match 


Test A B ሀ D E F 
Shaft 138 200 196 296 340 218 
131 209 194 294 336 272 
Setting 127 202 204 293 335 276 
129 200 196 295 232 277 
Prooable Errar 2.819 2 Je 2 78 0,89 1.92 2 .65 
us. 0.03 0.03 0.03 0.01 0.02 9.03 
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A.S Supplementary Discussion 


À...) Types of Signals Us able for System: In the body of thw report, 

a pulse moduleted system was described, other types of amplitude odu- 
lation could have been used. Let us consider a simsoically modulates 
system. In such @ system, the modulation frequency mst 5e low--so that 
the transverse error allowable in the system. This restriction is re- 
quired to eliminate ambiguity in definition of the track line, The 
wavelength, therefore, would have to be in the order of 500 to 1,000 
meters, or 600 to 300 K.C. The phase difference between signals from the 
Fixed and Rotating stations would indicate lines of position. This type 
of system would have definite advantages over the pulse system at ths 
receiving end at least. Sandwidth of the receiver would be reduced by 

& factor of 1,000, and comparably better signal to noise ratios might be 
expected. This would not mean total gain to the system. Available trans- 
mitter power would be reduced in almost the sam ratios as bandwidth of 
receiver is increased. Further, sgimisoidal modulation is more difficult 


to apply to microwave transmitters than is pulse modulation. For these 





reasons, a pulse system was chosen for study. 

À frequency modulated system could be used. In such a system the 
frequency of the transmitters is varied linearly (or sinusoidally) with 
time, repeating the variation periodically. The frequency difference 
received would then determine the line of position. This type of system 
would use relatively new techniqes of modulating microwave transmitters. 
The timer of such a system could be simply a phase shifting transformer 
(when sinusoidal modulation is used). The receiver could use intermediate 
frequency amplification tuned to the difference between the carrier 
frequencies of the fixed and rotating stations. The indicator could be a 
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simple cycle rate counter with a dial inoieation. On the surface this 
appears to be the Usst system for development. There is ome difficult: 
in the use of such a system. The carrie: frequency difference between 
the two stetions mist be controlled to tolsrawes less than the frequency 
differences to be read. This would mean control within 20 cycles out of 
10,000 ۵, or 2 parts in 107. While such control might be possible, it 
is very difficult to obtain. For this reason this type of system was 
net studied. 
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